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Key meiotic events in many organisms are controlled at the translational level. In this study, we examine the role of
translational regulation in the meiotic cell cycle of Drosophila. In order to address this question, we developed a system
for activating Drosophila oocytes in vitro. With this method, hundreds of mature oocytes can be activated to resume and
complete meiosis. The stages of meiosis are normal by cytological criteria, and the timing of the meiotic divisions is
similar to that of eggs activated in vivo. We use this system to examine the role of protein synthesis in regulating the
progression of meiosis and the maintenance of the metaphase I arrest. We ®nd that synthesis of new proteins after metaphase
I is not required for anaphase I, meiosis II, or the decondensation of the meiotic products. Also, continued protein synthesis
is not required to maintain the metaphase I arrest. New protein synthesis is required, however, for proper chromatin
recondensation after meiosis. q 1997 Academic Press
INTRODUCTION Most of the current understanding of the meiotic cell
cycle has come from studies on biochemically tractable oo-
Meiosis is a developmentally regulated cell cycle in cytes such as those from Xenopus and clams. These organ-
which two rounds of chromosome segregation occur with- isms have been ideal for such studies because it is possible
out an intervening S phase. Control of the meiotic cell cycle to isolate large numbers of oocytes arrested before meiosis
varies widely in different organisms. Many animals employ and then to mature them in vitro to enter meiosis. A genetic
developmental arrests of the female meiotic cell cycle in approach would be an important complement to these stud-
order to synchronize the completion of meiosis with the ies, and we are thus interested in understanding regulation
growth of the oocyte and with sperm entry (reviewed in of the meiotic cell cycle in Drosophila.
Sagata, 1996; Page and Orr-Weaver, 1997). Since these arrest Fully grown Drosophila oocytes arrest at metaphase I dur-
points occur at different times in the meiotic cell cycle in ing meiosis. Held inside the ovary, arrested oocytes are acti-
different species, it is dif®cult to know how much regula- vated as they pass through the oviduct, just before they are
tion is conserved. It appears, however, that in many organ- fertilized and laid (Mahowald et al., 1983). Activation af-
isms key meiotic events are regulated translationally. In fects many processes in the oocyte: translation of some mes-
Xenopus oocytes, synthesis of new proteins is required for sages is initiated, meiosis is resumed, and the microtubules
release from the prophase I arrest, and for entry into meiosis are reorganized, among others (Driever and Nusslein-
II (Wasserman and Masui, 1975; Gerhart et al., 1984). In Volhard, 1988; Mahowald et al., 1983; Theurkauf et al.,
clam and star®sh oocytes, new proteins are required for 1992; Page and Orr-Weaver, 1996). Thus activation must
entry into meiosis II (Hunt et al., 1992; Picard et al., 1985). couple a developmental signal with control of the meiotic
Continual synthesis of new proteins is required in the oo- cell cycle. The mechanisms underlying activation remain
cytes of the mollusk Patella for maintenance of the meiosis unknown because this area has been largely unaddressed.
I arrest (NeÂant and Guerrier, 1988). Since synthesis of cyclin Several lines of reasoning suggest that new protein syn-
B is required for canonical mitotic divisions, it appears that thesis may be required for release from the metaphase I
cell cycle events are often regulated translationally in both arrest and the completion of meiosis. Oocytes from Dro-
meiosis and mitosis. sophila mothers mutant for grauzone and cortex arrest nor-
mally at metaphase I and then when activated go through
an aberrant anaphase I and arrest terminally in meiosis II1 To whom correspondence should be addressed at The
(Page and Orr-Weaver, 1996). In addition to the meiotic ar-Whitehead Institute, Nine Cambridge Center, Cambridge, MA
02142. Fax: (617) 258-7226. E-mail: weaver@wi.mit.edu. rest phenotype, these two genes appear to be required for
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1994). Oocytes could be obtained from as few as 100 fattened fe-the proper translation of BICOID protein after activation
males, although we had best results with 300 fattened females.and may also be required for polyadenylation of some mes-
Females were fed on wet yeast for 4±10 days and then ground bysages (Lieberfarb et al., 1996). One possible interpretation
pulsing 3±6 times at low speed in a blender in freshly made Isola-of these phenotypes is that grauzone and cortex are required
tion Buffer (IB) (55 mM NaOAc, 40 mM KOAc, 110 mM sucrose,for the translation of many messages, some of which are
1.2 mM MgCl2 , 1 mM CaCl2 , 100 mM Hepes; ®nal pH 7.4 withrequired for the completion of meiosis. This seems like a NaOH). (In some experiments, the pH was 8.1 and the ®nal concen-
reasonable order of events since activation appears to be tration was 94% that of full-strength IB, with similar results.) The
accompanied by a burst of translational activity in Drosoph- homogenate was ®ltered through a 650-mm mesh, and the material
ila oocytes (Mahowald et al., 1983). Finally, comparisons collected on the mesh was returned to the blender to repeat the
with the meiotic cell cycle in other animal oocytes suggest procedure twice more, except that the ®nal blending was a 10- to
15-sec pureÂe. The pooled homogenate was ®ltered through a 250-that the synthesis of new proteins may be required for the
mm mesh to separate oocytes from larger body parts, and then oo-meiotic divisions.
cytes were collected on a 125-mm mesh which ®ltered out smallerIn this study, we wanted to understand the role of new
egg chambers. Filtration through the 250-mm mesh and collectionprotein synthesis in the meiotic cell cycle of Drosophila
on the 125-mm mesh were repeated, and then the oocytes wentoocytes. Unfortunately, it has been dif®cult to study the
through 6±12 rounds of gravity settling in IB, with the supernatantcytological events of meiosis in Drosophila females. As with
removed and fresh IB added. This procedure was completed in ex-
some other organisms, the meiotic divisions generally take actly 15 min from the time of the ®rst blender pulse, and resulted
place inside the mother. However, in contrast to other model in populations highly enriched for unactivated stage 13 and 14
meiotic organisms, Drosophila females lay single eggs seri- oocytes. An additional 10-min incubation in IB was sometimes
ally throughout their adult lives, rather than in seasonal performed (see below).
spawnings. Thus, oocytes are activated to enter meiosis one Oocytes were activated according to a procedure modi®ed from
at a time (for reviews, see Foe et al., 1993; Spradling, 1993). Mahowald et al. (1983), in which oocytes in IB were washed in
several changes of activating buffer (AB) for 5 min (3.3 mMAnother confounding problem is that once an oocyte is acti-
NaH2PO4, 16.6 mM KH2PO4, 10 mM NaCl, 50 mM KCl, 5% PEGvated, the meiotic divisions happen very quickly and are
8000, 2 mM CaCl2, brought to pH 6.4 with 1:5 NaOH:KOH). Thecomplete within about 20 min (Riparbelli and Callaini,
AB was then removed by washing in modi®ed Zalokar's buffer1996); often they are completed before the egg is laid. The
(ZAB), demonstrated by Limbourg and Zalokar to support growthstudies that have characterized the meiotic cytology of oo-
of embryos with permeabilized vitelline membranes (Limbourg andcytes have been laborious because they have required dissec-
Zalokar, 1973; ZAB: 9 mM MgCl2, 10 mM MgSO4 , 2.9 mMtion or rapid collection of a few or single laid eggs (Huettner, NaH2PO4, 0.22 mM NaOAc, 5 mM glucose, 27 mM glutamic acid,
1924; Sonnenblick, 1950; DaÈvring and Sunner, 1973; Ripar- 33 mM glycine, 2 mM malic acid, 7 mM CaCl2, brought to pH 6.8
belli and Callaini, 1996). Since most mutants produce eggs with 1:1 NaOH:KOH). Length of activation was measured as time
with reduced frequency, only healthy wild-type stocks are after the ®rst addition of AB.
amenable to such studies, and so there are few cytological Oocytes isolated in IB were not activated until the addition of
AB. This was established in two ways. First, oocytes incubated indescriptions of meiotic mutants beyond the metaphase I ar-
IB were destroyed by a three min incubation in 50% bleach (data notrest. Because of these constraints, studies of the meiotic
shown), indicating that the vitelline membranes had not becomedivisions in females have been limited to description, rather
crosslinked, as happens at egg activation (see Results). Second,than experimental manipulation.
DNA staining of oocytes isolated and incubated in IB for variousIn order to study the meiotic divisions, we developed and
times up to 60 min revealed that such oocytes remained arrestedpresent here a method for activating eggs in vitro, using a
at metaphase I (Table 2, Fig. 7, and data not shown).
technique for isolating large quantities of oocytes (Theurkauf
and Hawley, 1992). We demonstrate that eggs activated in
vitro go through meiosis normally, and we re®ne the stages Drug Treatment and Metabolic Labeling
of release from metaphase arrest, which were previously in-
Cycloheximide (Fluka or Sigma) and chloramphenicol (Sigma)
accessible to observation. We use this method to test the were used at a ®nal concentration of 100 mg/ml. Increasing the
translational requirements for the progression of meiosis. We cycloheximide concentration to 500 mg/ml did not improve transla-
®nd that, contrary to our expectations, Drosophila oocytes tional inhibition as measured by metabolic labeling. Colchicine
do not need synthesis of new proteins to complete meiosis, (Sigma) was used at a ®nal concentration of 10 mg/ml. Drugs were
nor to maintain the metaphase I arrest. Our in vitro system added to the IB before the initial grinding of the ¯ies and were
included in all subsequent IB rinses. For activation experiments,for activating eggs will enable the meiotic cell cycle to be
cycloheximide and chloramphenicol were also added to the ABmore easily studied in Drosophila. In addition, this system
and ZAB. For metabolic labeling, oocytes that had been isolated inwill be useful to researchers studying other aspects of meiosis
exactly 15 min as above were then incubated for exactly 10 minby allowing genetic, cytological, and biochemical studies to
in fresh IB containing 0.1±1 mCi/ml of [35S]methionine (Amer-be performed in the same organism.
sham) and sometimes also containing appropriate inhibitors.
MATERIALS AND METHODS
Fixation and StainingEgg Activation
Fixation was performed in one of three ways. To calculate ef®-Late-stage oocytes were isolated in a modi®cation of the proce-
dure of Theurkauf and Hawley (1992; also described in Theurkauf, ciency of activation, activated eggs were ®xed in their chorions by
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ies against tubulin, YL1/2, and YOL1/34 (both from Sera-lab), each
diluted 1:5 in PBST. The rat antibodies were better able to detect
meiosis I spindles than the mouse antibodies. Mouse antibodies
were detected by DTAF-labeled goat anti-mouse (Jackson), and rat
antibodies were detected with either a DTAF-conjugated or a Texas
Red-conjugated goat anti-rat antibody (both from Jackson). DNA
was detected either by staining with 5 mg/ml 7-AAD (Molecular
Probes) for 30 min, or by staining with OliGreen (Molecular Probes)
diluted 1:5000 in PBS with 0.1% Triton and 20 mg/ml of RNaseA
for 30 min.
Microscopy
Samples were dehydrated in methanol and mounted on slides in
clearing solution (2:1 benzyl benzoate:benzyl alcohol; Theurkauf
and Hawley, 1992) containing 50 mg/ml n-propyl gallate to protect
against photobleaching. Slides were scored with a Zeiss Axioskop
¯uorescence microscope equipped with 51 and 401 dry Plan Neo-
FIG. 1. The stages of meiosis in oocytes activated in vivo as they ¯uar objectives. Experiments comparing activation in the presence
have been previously characterized. Stages are based on oocytes and absence of cycloheximide were scored blind. All images were
dissected from the oviduct before deposition and eggs collected taken with a Bio-Rad MRC 600 confocal laser scanning head
immediately after deposition. (A) Spindle and chromosomes of a equipped with a krypton/argon laser, mounted on a Zeiss Axioskop
mature stage 14 metaphase-I-arrested oocyte. The DNA is elon- microscope, with a 401 oil Plan Neo¯uar objective. In some cases,
gated along the axis of the spindle, and the tiny fourth chromo- optical sections were taken and projected into a single plane. Im-
somes are sometimes observed to have precociously migrated pole- ages were processed on a Macintosh Power PC with the program
ward. (B) Spindle and chromosomes of an oocyte in anaphase I. (C) Adobe Photoshop.
Two spindles with chromosomes in a metaphase II oocyte. Recent
studies have identi®ed an aster-like midbody between the spindles
(Riparbelli and Callaini, 1996). (D) The four meiotic products after
the completion of meiosis. The chromatin decondenses to give an
Translation Assaysinterphase-like appearance, and the nuclear envelope appears in-
tact. In an unfertilized egg, all four meiotic products begin to mi-
Translation was assayed by isolating oocytes, incorporating [35S]-grate together at this stage. (E) Chromosomes beginning to recon-
methionine, activating, dechorionating, devitellinizing in metha-dense inside the nuclear envelope of the four meiotic products. (F)
nol/heptane, ®xing in methanol, and staining with 7-AAD, asThe rosette structure. In an unfertilized egg, the condensed chroma-
above. Eggs that had completed meiosis were individually pickedtin of the four meiotic products fuse to form this structure, whereas
in an adaptation of the technique of Edgar et al. (1994). Brie¯y,in a fertilized egg, only the three unused meiotic products form a
eggs were resuspended in clearing solution and viewed without arosette. (A) Adapted from Theurkauf and Hawley (1992); (B±F)
coverslip on a slide bounded by a corral of dried Elmer's Glue-All.adapted from Huettner (1924).
We examined eggs under a ¯uorescence microscope for the presence
of the four meiotic products, evidence of the completion of meiosis.
We used surgical tweezers to remove eggs that had completed meio-
sis to an eppendorf tube of methanol, which dissolved the clearingincubating in methanol. To select for activated eggs or to visualize
meiotic ®gures, an aliquot of activated oocytes was taken at the solution. Eggs (5±20) were collected for each sample, and these
were rehydrated in PBS and then air-dried and crushed with aappropriate time and dechorionated in 50% fresh Chlorox bleach
for 3 min and then devitellinized and ®xed by shaking in a two- melted Pasteur pipet. For making extracts of labeled unactivated
oocytes to assess translation during the metaphase I arrest, wephase mixture of methanol/heptane. The mixture was removed
after devitellinization and replaced with fresh methanol. Eggs picked oocytes that had lost all follicle and nurse cells and that
showed evidence of an elongated nucleus. A 1:1 mixture of EB:41®xed in methanol were rehydrated by incubation in a PBS/metha-
nol series before staining. Eggs activated less than about 40 min Laemli sample buffer was added [EB, described by Edgar et al.
(1994): 10 mM Tris, pH 7.5, 80 mM Na b-glycerophosphate, pH 7.5,were often lost at the devitellinization step. Therefore, to view
the early stages of meiosis, we dechorionated as above and then 20 mM EGTA, 15 mM MgCl2, 2 mM Na3VO4, 1 mM benzamidine, 1
mM sodium metabisul®te, 0.2 mM PMSF] in a volume of 0.5±1 ml®xed for 10 min in 8% EM-grade formaldehyde (Ted Pella) in a
cacodylate buffer as described for oocyte ®xation (Theurkauf, per egg. Lysates were boiled for 10 min, stored at0207C, and boiled
for 10 min before loading. Samples were run on 14 or 16% 200:11994). After several washes in PBS, eggs were rolled out of their
vitelline membranes between two glass slides as described (Theur- (acrylamide:bis) 0.75-mm gels, which were stained with Coomas-
sie, washed in 40% methanol or water, and dried. Incorporatedkauf, 1994). Eggs were extracted in 1% Triton for 1±2 hr before
antibody labeling. counts were quantitated with a Fuji Phosphoimager. Protein levels
were quantitated by scanning the gels into computer ®les and ana-For spindle staining, eggs were incubated with a mouse mono-
clonal antibody against b-tubulin (Amersham) at a concentration lyzing with NIH Image software. By calibrating the program with
known amounts of proteins, we ensured we were working withinof 375 ng/ml in PBST (130 mM NaCl, 70 mM Na2HPO4, 35 mM
NaH2PO4, 0.3% Triton X-100) or with two rat monoclonal antibod- a range of linear response.
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FIG. 2. The stages of meiosis are normal in oocytes activated in vitro. Oocytes were isolated and activated as described, and the sequential
stages of meiosis are shown. The cytology is similar to that sketched in Fig. 1. DNA is represented in red and tubulin in green. (A) The
metaphase-I-arrested stage 14 oocyte. The DNA is elongated along the axis of the spindle, and the tiny fourth chromosomes are separated
from the mass of chromatin (arrows). Individual chromosomes are not visible in the chromatin mass. (B) Early anaphase I. The ®rst step
for resuming meiosis appears to be the individuation of chromosomes. (C) Late anaphase I. (D) Anaphase II. The midbody is often
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RESULTS
In Vitro Activation of Meiosis
The cytology of female meiosis in Drosophila has been
characterized in painstaking studies of single or small num-
bers of oocytes dissected from the uterus or collected imme-
diately after laying (Huettner, 1924; Sonnenblick, 1950;
DaÈvring and Sunner, 1973; Riparbelli and Callaini, 1996).
The mature oocyte arrests in metaphase of meiosis I, wait-
ing to be activated during passage through the oviduct (Fig.
1A). Soon after activation, meiosis is resumed, whether or
FIG. 3. Chromosomes become individuated after activation andnot the egg is fertilized (Doane, 1960). The oocyte passes
before beginning poleward movement. Eggs were ®xed in formalde-quickly through the meiotic stages, and these are depicted
hyde and stained to visualize DNA.in Fig. 1 as observed in earlier studies. Cytokinesis does not
occur in the meiotic divisions in Drosophila, and so polar
bodies are not extruded. Rather, the oocyte retains the prod-
ucts of both meiotic divisions. After anaphase II, the four
telophase nuclei, which are arranged in a line determined ing with hypotonic buffers, the stages after meiosis I have
been elusive (Puro and Nokkala, 1977; Hatsumi and Endow,by the orientation of the meiosis II spindles, decondense
and appear to be in interphase (Fig. 1D). In an unfertilized 1992). With our method, eggs continued into meiosis II (Fig.
2D), the postmeiotic interphase (Fig. 2E), and the reconden-egg, the interphase nuclei migrate together, recondense
their chromatin (Fig. 1E), and then fuse to form one or two sation of chromatin to form the rosette structures (Figs. 2F
and 2G). We were able to activate up to several hundredrosette structures. The fused polar bodies have been likened
to rosettes because individual arms are circularly arranged oocytes at once.
By activating eggs in vitro, we were able to compare di-with their centromeres on the inside (Fig. 1F). In fertilized
eggs, three of the four meiotic products fuse to form the rectly the metaphase I and anaphase I chromosomes. We
noted that the ®rst step in resuming meiosis appeared torosette, while the fourth joins the male pronucleus to form
the zygotic nuclei. be the individuation of chromosome arms. In metaphase-I
arrested oocytes, a large mass of chromatin is observed atWe were interested in ef®ciently activating oocytes in
vitro for use as a tool for studying meiosis in Drosophila. the metaphase plate, and often the tiny fourth chromo-
somes are observed between the poles and the metaphaseWe began our efforts by building on the pioneering work
of Mahowald et al. (1983), who investigated a number of plate (Fig. 2A). In the chromatin mass at the plate, we ob-
served no chromosome arms, individual chromosomes, orconditions for activating mature oocytes dissected out of
females. Rather than dissecting, we took advantage of a visible structures of any kind by conventional or confocal
microscopy. These observations agree with those of otherblender method (Theurkauf, 1994) that allowed us to har-
vest many hundreds of oocytes to use as our starting mate- researchers (Theurkauf and Hawley, 1992). However, once
oocytes were activated, individual chromosome arms be-rial (Fig. 2A). Mahowald et al. did not examine meiotic
cytology in detail (1983), but in our hands, their optimized came visible, possibly indicating an increase in condensa-
tion (Figs. 2B and 3). These morphological changes occurredconditions did not cause eggs to complete meiosis normally.
Instead, we worked out conditions where we activated eggs before poleward movement was observed. We believe that
this represents a signi®cant change in chromosome struc-in the Mahowald buffer for a pulse, followed by incubation
in a physiological buffer (see Materials and Methods). ture between metaphase-arrested and anaphase I chromo-
somes.Eggs activated in this manner progressed through a cyto-
logically normal meiosis (Fig. 2). We ®xed activated eggs in Another effect of egg activation is a change in the vitelline
membrane which lies just under the chorion. Before activa-either methanol or formaldehyde and stained them with
anti-tubulin antibodies and a DNA stain to observe the tion, the vitelline membrane is permeable to many small
molecules, but after activation the membrane becomesstages of meiosis. Eggs undergoing meiotic divisions were
clearly identi®ed by the presence of a meiosis I or two meio- cross-linked and impermeable (Ashburner, 1989; Spradling,
1993). Mahowald et al. demonstrated that bleach could besis II spindles (Figs. 2B±2D). Although other researchers
have been able to observe some meiosis I events by activat- used as a quick selection for activated oocytes, since bleach
visible between the two spindles. (E) The four meiotic products with decondensed chromatin. (F) The meiotic products recondensing
their chromatin. Only three of the four are visible in this image. (G) The rosette structure containing the fused condensed meiotic
products. The rosette structure has tubulin at its center, as is observed in laid eggs (Page and Orr-Weaver, 1996). Scale bars are
approximately 10 mm.
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dissolves the entire unactivated oocyte, whereas bleach dis-
solves only the outer chorion of activated eggs (1983). Eggs
activated by our method also become impermeable to
bleach within a few minutes (data not shown).
Estimates of the ef®ciency of activation are hampered
because we used the rapid blender method of isolating oo-
cytes. Although this method is much faster than dissection,
the drawback is that a variable percentage of the isolated
oocytes are in earlier stages of development and cannot be
activated, in addition to the desired mature stage 14 oo-
cytes. For most experiments, we chose to destroy immature
oocytes by the bleach treatment which selects for activated
eggs. To estimate activation ef®ciency, however, we omit-
ted the bleach treatment, thus including immature oocytes
in our ``unactivated'' oocyte percentage. Eggs were activated
for 25 min, ®xed directly in methanol, stained with a DNA
stain, and examined for meiotic stage. Examining over 100
oocytes, we found that 60±70% of the heterogeneous start-
ing material was activated, and over half of those had com-
pleted the meiotic divisions. This suggests that most of the
metaphase-arrested stage 14 oocytes were activated by our
method.
We found the timing of the meiotic divisions in eggs acti-
vated in vitro to be comparable to that of eggs activated in
vivo. After 25 min, 22% of the in vitro activated eggs were
in meiosis II, and another 71% had ®nished both meiotic
divisions. After 40 min, over 90% of the eggs had completed
the meiotic divisions (Table 1 and Fig. 4A). Studies on the
timing of the meiotic divisions in laid eggs have reported
that 20 min after egg deposition, 66% of eggs were in meio-
sis II, and the remaining 34% had progressed further (Ripar-
belli and Callaini, 1996). These numbers demonstrate that
eggs activated in vitro progress through meiosis at a rate
similar to that of laid eggs.
After the divisions, the eggs activated in vitro passed
through a cytologically normally postmeiotic interphase
(Fig. 2E), and in many of them the chromatin of the mei-
otic products recondensed and fused to form rosette struc-
tures (Figs. 2F and 2G). Instead of arresting with rosette
structures as would an unfertilized laid egg, however, the
nuclei of eggs activated in vitro often replicated and di-
vided in aberrant ways. Additionally, the timing of events
became delayed sometime around the stage of reconden-
sation. In laid fertilized eggs, full recondensation of the
meiotic products happens synchronously with the ®rst
mitosis, only about 10 min after the completion of meio-
sis, whereas in these experimental eggs, rosette structures
were much slower to form (Table 1 and Fig. 4A). This
timing and behavior suggests that our in vitro activation
method is useful for studying events through the postmei-
otic interphase, but not further.
Is Protein Synthesis Required for the Completion
of Meiosis?
We wanted to understand how the resumption of meiosis
was regulated at activation. It has been demonstrated that
at activation ribosomes from arrested Drosophila oocytes T
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before egg activation and the resumption of meiosis. Since
the vitelline membrane is permeable to many solutes before
activation, we expected that cycloheximide would be able
to enter the oocyte (see below for con®rmation). Oocytes
were activated in the presence of the inhibitor, selected
with bleach, ®xed in methanol, and stained with anti-tu-
bulin antibodies and a DNA stain. Strikingly, eggs pro-
gressed through both meiotic divisions normally. In 25-min
activation experiments, we observed many eggs with nor-
mal meiosis II spindles, some with a pronounced mid-body
as has been previously observed in eggs activated in vivo
(Fig. 5A; Riparbelli and Callaini, 1996). We also observed
many eggs with four condensed colinear nuclei and no spin-
dles, indicative of telophase II (data not shown). After the
meiotic divisions, the four meiotic products began to decon-
dense normally for the postmeiotic interphase (Fig. 5B).
The timing of the meiotic divisions was similar between
cycloheximide and untreated activated eggs: after 25 min,
39% of the cycloheximide-treated eggs were in the meiotic
divisions, compared to about 29% of control eggs (Table 1
and Fig. 4); and for both cycloheximide- and drug-treated
eggs, about half of them were in the postmeiotic interphase
after 25 min. Interestingly, decondensation progressed to
form abnormally large nuclei that were visible as large areas
of clearing in the cytoplasm (Fig. 5C). After 90 min or so,FIG. 4. A graphic representation of the stages of meiosis observed
the DNA recondensed within these large nuclei, but thein eggs activated in vitro. These data are presented numerically in
Table 1. (A) Activated eggs. (B) Eggs activated in the presence of large cleared areas persisted, indicating the nuclear enve-
cycloheximide. lope did not break down (Fig. 5D; Table 1). Thus, it appeared
that new protein synthesis is not required for the comple-
tion of meiosis in Drosophila females, although it is re-
quired for proper recondensation of the DNA after the post-
meiotic interphase.are recruited into polysomes, suggesting that the rate of
new protein synthesis is signi®cantly enhanced (Mahowald In order to ensure that cycloheximide had entered the
oocyte and blocked protein synthesis, we metabolically la-et al., 1983). Additionally, it is known that some proteins,
such as BICOID and STRING, are selectively translated beled oocytes with [35S]methionine and then examined in-
corporation of the label into total protein extracts. Eggsonly after activation (Driever and Nusslein-Volhard, 1988;
Bruce Edgar, personal communication). In Xenopus, mice, were isolated in buffer with or without cycloheximide, la-
beled, activated, and then ®xed in methanol, stained, andclams, and star®sh, treating oocytes with translational in-
hibitors perturbs or inhibits the meiotic divisions, indicat- examined under a ¯uorescence microscope. Eggs that had
completed meiosis, as judged by the presence of four mei-ing that in many species translation is required for the re-
sumption and/or progression of meiosis (Gerhart et al., otic products, were chosen to make protein extracts. Eggs
that were activated in the presence of cycloheximide incor-1984; Kanki and Donoghue, 1991; Clarke and Masui, 1983;
Fulka Jr. et al., 1994; Hunt et al., 1992; Galas et al., 1993; porated about 3±5% of the label that the untreated controls
incorporated in repeated experiments (Fig. 6). This con-Picard et al., 1985). We suspected that the burst of protein
synthesis accompanying Drosophila egg activation was re- ®rmed that both cycloheximide and methionine could enter
the unactivated oocyte through the vitelline membrane.quired for the proper execution of meiosis, in part because
of comparisons with other organisms, and in part because Cytological examination of unactivated eggs that were
drug-treated and labeled con®rmed that the labeling proce-the mutants grauzone and cortex arrest at meiosis II and
also display defects in translation (Page and Orr-Weaver, dure did not activate meiosis prematurely (data not shown).
Since the speed of meiosis remained relatively constant1996; Lieberfarb et al., 1996). We tested this hypothesis
by activating eggs in the presence of the protein synthesis even with protein synthesis reduced to 5% of normal levels,
it seemed likely that no new proteins were required for theinhibitor cycloheximide and examining whether they could
complete meiosis. completion of meiosis. However, we were unable to rule
out the possibility that a putative meiotic ``activating pro-We blocked protein synthesis by adding 100 mg/ml cyclo-
heximide to all buffers used before ®xation. Oocytes remain tein'' was translated in that 5% of synthesis. Since increas-
ing the concentration of cycloheximide ®vefold did not de-unactivated during the mass isolation step (see Materials
and Methods), and so by including cycloheximide in the crease the total protein synthesis (data not shown), we con-
sidered the possibility that the remaining cycloheximide-Isolation Buffer we were able to inhibit protein synthesis
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FIG. 5. Eggs treated with cycloheximide can complete the meiotic divisions and decondense their chromatin normally. Late stage oocytes
were treated with 100 mg/ml cycloheximide for 25 min before activation and then activated and incubated in the continuing presence of
cycloheximide. The sequence of events after activation is shown. DNA is represented in red and tubulin in green. (A) Meiosis II proceeds
normally in cycloheximide-treated eggs. The inner spindle is faintly stained in this image, and the midbody is visible between the spindles.
(B) The four meiotic products after meiosis. Chromatin appears to decondense normally in the continuing presence of cycloheximide. (C)
Enlarged meiotic products. The DNA does not appear to be overreplicating, since the staining is very faint in the large cleared areas. (D)
Abnormal recondensation of the chromatin. Chromosomes recondense separately rather than together, and the nuclear envelope appears
to retain its integrity, as visualized by the continued presence of the cleared area. Scale bars are approximately 20 mm.
resistant protein synthesis was mitochondrial. Such synthe- required, however, for proper recondensation of the DNA
after meiosis is completed.sis would be inhibited by prokaryotic translation inhibitors
like chloramphenicol, but not by eukaryotic translation in-
hibitors such as cycloheximide. When eggs were incubated
The Metaphase I Arrest Is Maintained in thein a combination of cycloheximide and chloramphenicol,
Absence of Protein Synthesislabeled, activated, ®xed, stained, and chosen to make pro-
tein extracts, we found that the level of incorporation of In repeated experiments, we found that variable but mea-
surable protein synthesis occurred in the metaphase-I-ar-[35S]methionine was reduced to about 1% of control extracts
in multiple experiments (Fig. 6). The most credible explana- rested oocytes (data not shown). This variability may cor-
relate with the observation that the longer an oocyte istion is that no new proteins are required for the completion
of meiosis after the metaphase arrest in Drosophila females. arrested in metaphase I, the fewer of its ribosomes are
incorporated into polysomes (Mahowald et al., 1983). Al-A protein not present in the unactivated oocyte is clearly
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morphology has been demonstrated to be a good indicator
of the stage of meiosis after prophase I, since prophase and
prometaphase nuclei appear round, whereas metaphase-I-
arrested nuclei appear elongated along the pole-to-pole axis
of the spindle (Theurkauf and Hawley, 1992; Fig. 2A), proba-
bly because of the tension from the spindle pulling on
attached homologs; anaphase I and meiosis II can also be
assessed from nuclear morphology. After 60 min of incuba-
tion in control medium, oocytes did not proceed into ana-
phase I and remained arrested at metaphase I (Fig. 7A), al-
though it appeared that the nuclear elongation increased
with the length of the arrest (data not shown). We found
that 67% of oocytes incubated for an hour in control me-
dium had elongated nuclei typical of metaphase (Table 2). In
late oocyte development, the stage of meiosis is not exactly
correlated with the developmental stage of oocyte growth;
hence the 33% of nuclei that appeared round were probably
in prophase or prometaphase. We observed the same mor-
phology in oocytes incubated in cycloheximide with
roughly the same frequency (Fig. 7B; Table 2), demonstra-
ting that new proteins, such as cyclins, are not required for
FIG. 6. Protein synthesis is inhibited in eggs treated with cyclo- the maintenance of the metaphase I spindle. In both the
heximide. Oocytes were incubated in the absence or presence of drug-treated and untreated oocytes, the chromosomes re-
inhibitor(s) for 15 min and then incubated in [35S]methionine in mained indistinct and amorphous during the prolonged ar-
the absence or presence of inhibitor(s) for 10 min. Following incuba-
rest. As a positive control, to ensure that we could detecttion, oocytes were activated as described. After 25 min, activated
the breakdown of the metaphase I spindle by nuclear mor-eggs were selected with bleach, devitellinized, ®xed in methanol,
phology, we also incubated oocytes in the microtubule-de-and stained for DNA. Protein extracts were made from eggs that
polymerizing drug colchicine for the same amount of time.were observed by ¯uorescence microscopy to have completed meio-
sis, as judged by the presence of four meiotic products. CHX, 100 The rounding of the oocyte nucleus in colchicine was
mg/ml cycloheximide; CHX / CMP, 100 mg/ml each of cyclohexi- clearly different from the elongated nucleus observed in
mide and chloramphenicol. (A) Digital image of radioactivity incor- cycloheximide-treated and control oocytes (Fig. 7C; Table
porated into activated eggs. Eggs activated without drugs incorpo- 2). Thus, the continual synthesis of new proteins is not
rate [35S]methionine at 100%, whereas in the experiment shown necessary for the maintenance of the metaphase I arrest of
here eggs activated in the presence of cycloheximide incorporate Drosophila female meiosis.
3.1% and eggs activated in the presence of cycloheximide and chlor-
amphenicol incorporate 1.5%. (B) The same gel shown in (A),
stained with Coomassie to show all proteins. Percentage incorpora-
DISCUSSIONtion was determined by normalizing for protein loading. Molecular
weight markers are shown at the right.
We have developed an in vitro system for activating Dro-
sophila oocytes and have demonstrated that oocytes acti-
vated in this manner proceed through cytologically normal
meiotic divisions. Our method can activate hundreds ofthough we determined that protein synthesis was not re-
quired for the regulation of meiosis after the metaphase I oocytes at once, and they progress accurately through meio-
sis at approximately the same speed as oocytes activated inarrest, it was still possible that the continued synthesis of
new proteins was required to maintain the metaphase I vivo. This system will be useful for investigators analyzing
the effect of mutations on meiosis or for studying the local-arrest. Indeed, in the marine mollusk Patella, maintenance
of the normal arrest at metaphase I requires continuing ization of a known protein during meiosis. It will also be
useful for assessing the stability and forms of proteins dur-synthesis of cyclins A and B. If translation is inhibited, or if
those messages are inactivated, the Patella oocyte nucleus ing the meiotic cell cycle.
An unexpected bene®t of in vitro activation is that wereturns to an interphase state without passing through
meiosis I anaphase, in effect going backward through the were able to examine the transition out of the metaphase I
arrest, a previously inaccessible transition in Drosophila.meiotic cell cycle (NeÂant and Guerrier, 1988; van Loon et
al., 1991). Studies have shown that in metaphase-I-arrested oocytes,
the chromosomes are amorphous and not individuated,To test the possibility that continued synthesis is re-
quired to maintain the metaphase I arrest in Drosophila, we with no visible chromosome arms (Theurkauf and Hawley,
1992). Although other researchers have demonstrated thatincubated unactivated oocytes in control or cycloheximide-
containing medium for 30 or 60 min, ®xed and stained anaphase I and meiosis II chromosomes have visible arms
(Huettner, 1924; Riparbelli and Callaini, 1996), it has beenthem, and examined them for nuclear morphology. Nuclear
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FIG. 7. Oocytes treated with cycloheximide maintain the metaphase-I arrest. Oocytes were incubated in the presence or absence of
inhibitor for 60 min, ®xed in methanol, stained for DNA, and observed by ¯uorescence microscopy. (A) Oocytes incubated without
inhibitors maintain the metaphase I arrest, as indicated by the elongation of the chromatin. (B) Oocytes incubated with 100 mg/ml
cycloheximide also maintain the metaphase I arrest, as indicated by the elongated chromatin. (C) Oocytes incubated with 10 mg/ml
colchicine, a microtubule-depolymerizing drug, are round and not elongated, demonstrating that depolymerization of the metaphase I
spindle causes a change in chromatin conformation.
unclear if the cytological differences observed between plies that the normal pathway for the resumption of meiosis
is not controlled by only the chromosomes. Other activa-amorphous and individuated chromosomes were caused by
difference in imaging methods. Using consistent ®xation tion events besides the loss of attachment between homo-
logs are required for the normal resumption of meiotic pro-and imaging techniques, we are able to observe both that
metaphase I chromosomes have little structure, and that gression.
As a means of studying the role of translational regulationimmediately after activation, they become individuated.
This change in chromosome structure, which may repre- in the meiotic cell cycle, we demonstrated that small mole-
cules including speci®c inhibitors can enter the oocyte be-sent an increase in condensation, appears before the chro-
mosomes have begun to travel poleward in anaphase I, and fore activation. Because they can be added at a precise time,
the effects of inhibitors in the in vitro system are moreso it is not an artifact of poleward movement.
The observation that chromosome individuation is an easily interpreted than the previous method of feeding in-
hibitors to the ¯y. The radioactive labeling technique thatearly step in egg activation has rami®cations for studies
on the maintenance of the metaphase I arrest. Hawley and we described here is useful not only for assessing the ef®-
ciency of translation; it can also be adapted to label oocytecolleagues have demonstrated that to maintain this arrest,
at least one meiotic crossover event is required to link ho- and meiotic proteins for biochemical assays, such as immu-
noprecipitations.mologous kinetochores. In mutant oocytes without any
such crossovers, the metaphase I arrest is not maintained, The goal of this study was to analyze the role of protein
synthesis in regulating the progression of meiosis. By inhib-and the nuclei progress into anaphase I and sometimes mei-
osis II without being activated. Interestingly, in these unac- iting new protein synthesis during the metaphase I arrest,
we found that in vitro activated eggs could complete meio-tivated but not-arrested oocytes, the chromosomes remain
amorphous and never form visible chromosome arms sis without new protein synthesis. Thus, all the compo-
nents necessary for the two divisions and the postmeioticthroughout anaphase I and meiosis II (McKim et al., 1993;
Jang et al., 1995). This lack of chromosome structure im- interphase are synthesized before the arrest. Proteins re-
TABLE 2
Cycloheximide Has No Visible Effect on Metaphase-Arrested Nuclei
Round nucleus Elongated nucleus Two nuclei
(prophase/no spindle) (metaphase-arrested) (anaphase or meiosis II)
(%) (%) (%) n
Untreated oocytes 33 67 0 55
Cycloheximide-treated oocytes 28 72 0 71
Colchicine-treated oocytes 100 0 0 25
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quired for the suppression of DNA synthesis between the the Drosophila cell cycle may be subject to similar transla-
tional regulation.meiotic divisions must also be present in the metaphase-I-
Experiments with translational inhibitors in clams andarrested oocyte, acting as functional counterparts to Mos
star®sh have demonstrated the existence of a ``commitmentand cdc2 in other organisms (see Furuno et al., 1994; Picard
point'' before the ®rst meiotic cleavage that governs entryet al., 1996). Studies of ribosomes in Drosophila suggest
into meiosis II. Protein synthesis is required before the com-that at egg activation there is an overall increase in the rate
mitment point, but not after, in order for the oocytes toof protein synthesis (Mahowald et al., 1983), but our results
emit a second polar body (Picard et al., 1985; Hunt et al.,show that any newly translated proteins are not required
1992). Thus the meiotic divisions of clams, star®sh, andduring meiosis.
Xenopus oocytes may all require protein synthesis up toRecessive mutations in the Drosophila genes grauzone
some point in meiosis I. This may be compatible with ourand cortex cause females to lay eggs that arrest abnormally
results in Drosophila: if a meiosis II commitment pointat metaphase II of meiosis (Page and Orr-Weaver, 1996).
exists in Drosophila, then it must occur before the meta-These eggs also display defects in the polyadenylation of
phase I arrest. Yet Drosophila oocytes can also maintain andsome messages, including BICOID, which appears not to
release a meiotic arrest without protein synthesis, whereasbe translated in these eggs (Lieberfarb et al., 1996). The
none of these other model organisms demonstrate that levelaberrant meiotic arrest in grauzone and cortex eggs may be
of posttranslational regulation.an indirect consequence of a generalized failure in transla-
We also tested whether the maintenance of the meiotiction. However, we show here that no protein synthesis is
arrest at metaphase I required a continuing supply of newrequired after the metaphase I arrest for the completion of
proteins. Since inhibiting protein synthesis does not affectmeiosis, and so the only way that a failure in translation
the cytology of the metaphase I arrest in Drosophila oo-could be responsible for the meiotic arrest phenotype is
cytes, we conclude that the metaphase arrest is a stableif the putative meiotic activator were translated earlier in
state requiring no continuing synthesis. In contrast, proteinoogenesis. Although there may be some evidence for an
synthesis is required to maintain the meiotic arrest in oo-early defect in polyadenylation in cortex eggs (Lieberfarb et
cytes of the marine mollusk Patella, which arrest at meta-al., 1996), grauzone eggs appear normal until the time of
phase I, like Drosophila, and in mouse oocytes, which arrestegg activation. Thus egg activation itself may be the pri-
at metaphase II. In both of these cases, it appears that themary defect in grauzone eggs.
application of cycloheximide causes a decline in MPF activ-In apparent contrast to our results with Drosophila, inhi-
ity, and the nuclei change to an interphase appearance
bition of protein synthesis disturbs the meiotic divisions in
(NeÂant and Guerrier, 1988; Clarke and Masui, 1983; Fulka
oocytes of Xenopus, mice, clams, and star®sh, demonstra-
Jr. et al., 1994; Moos et al., 1996). For Patella oocytes, two
ting that translation plays an important role in the regula-
of the proteins required to maintain the arrest are cyclins
tion of meiosis in these species (Gerhart et al., 1984; Kanki A and B, since ablating these messages during metaphase I
and Donoghue, 1991; Clarke and Masui, 1983; Fulka Jr. et leads to the same decondensed nuclear phenotype as a 40-
al., 1994; Hunt et al., 1992; Galas et al., 1993; Picard et al., min treatment with cycloheximide (van Loon et al., 1991).
1985). In mice, the addition of a translational inhibitor to Drosophila metaphase-I-arrested nuclei, in contrast, main-
oocytes at the start of maturation (the progression from tain a metaphase-I arrest after an hour of exposure to cyclo-
prophase I arrest to metaphase II arrest) blocks meiosis I, heximide. It will be interesting to see whether Drosophila
and adding translational inhibitors in metaphase I blocks metaphase I oocytes arrest with high levels of MPF, as do
meiosis II (Clarke and Masui, 1983, and references therein). metaphase I Patella oocytes and metaphase II mouse oo-
In Xenopus, the meiotic divisions have been staged in terms cytes.
of MPF activity, which was believed to be high at metaphase We have demonstrated that protein synthesis is required
I and metaphase II, and to dip between the divisions (Ger- to recondense the chromatin after decondensation of the
hart et al., 1984). The addition of cycloheximide to Xenopus meiotic products at the end of meiosis II. Our results corre-
oocytes at maturation blocks meiosis I, and the addition of late with those of earlier studies on the effects of protein
cycloheximide before the second appearance of MPF blocks synthesis inhibitors in the mitotic divisions of the Drosoph-
the second meiotic division (Gerhart et al., 1984). At both ila embryo (Zalokar and Erk, 1976; Edgar and Schubiger,
these points, synthesis of the Mos protein has been shown 1986). They found that inhibitor-treated nuclei could not
to be necessary but not suf®cient for proper meiotic progres- enter mitosis and arrested after S-phase with expanded nu-
sion (Kanki and Donoghue, 1991; Furuno et al., 1994). How- clei similar to those we see in cycloheximide-treated oo-
ever, inhibiting protein synthesis after MPF activity has cytes. The similarity of morphology suggests that the same
begun to rise again has no effect on the progression of meio- protein(s) may be required for the proper condensation of
sis II (Gerhart et al., 1984). How these results in Xenopus chromatin at the end of meiosis and before embryonic mito-
compare to ours is unclear, because there is currently some ses. This new protein is unlikely to be cyclin A or B, because
confusion about how the oscillating levels of MPF are re- in Drosophila embryos oscillation of the levels of cdc2/
lated to the meiotic divisions (Furuno et al., 1994; Ohsumi cyclin complexes is not detected in the early cleavage divi-
et al., 1994). It may be that in Xenopus new protein synthe- sions, suggesting that synthesis of cyclins is not required
before each mitosis (Edgar et al., 1994).sis is required until some time in meiosis I, in which case
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Galas, S., Barakat, H., DoreÂe, M., and Picard, A. (1993). A nuclearIn summary, the metaphase-I-arrested Drosophila oocyte
factor required for speci®c translation of cyclin B may controlcontains within it all the proteins necessary to accomplish
the timing of ®rst meiotic cleavage in star®sh oocytes. Mol. Biol.an astonishing variety of cell cycle events: maintaining a
Cell 4, 1295±1306.developmental arrest, resuming the cell cycle in response
Gerhart, J., Wu, M., and Kirschner, M. (1984). Cell cycle dynamicsto an external signal, individuating chromosome arms, seg-
of an M-phase-speci®c cytoplasmic factor in Xenopus laevis oo-
regating homologs at anaphase I, repressing DNA synthesis cytes and eggs. J. Cell Biol. 98, 1247±1255.
between the divisions, segregating sister chromatids at ana- Hatsumi, M., and Endow, S. (1992). Mutants of the microtubule
phase II, decondensing the chromatin of the four meiotic motor protein, nonclaret disjunctional, affect spindle structure
products, and moving those meiotic products together. Pro- and chromosome movement in meiosis and mitosis. J. Cell Sci.
101, 547±559.teins not available in the oocyte are ®rst required to recon-
Huettner, A. F. (1924). Maturation and fertilization in Drosophiladense the chromatin, a process that normally occurs at the
melanogaster. J. Morphol. 39, 249±265.®rst mitosis in fertilized eggs. The system for activating
Hunt, T., Luca, F. C., and Ruderman, J. V. (1992). The requirementseggs in vitro, in combination with genetic analysis, will be
for protein synthesis and degradation, and the control of destruc-instrumental for further analysis of the meiotic cell cycle
tion of cyclins A and B in the meiotic and mitotic cell cycles ofin Drosophila.
the clam embryo. J. Cell Biol. 116, 707±724.
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